It has been suggested that compounds affecting glycosylphosphatidylinositol (GPI) biosynthesis in bloodstream form Trypanosoma brucei should be trypanocidal. We describe cell-permeable analogues of a GPI intermediate that are toxic to this parasite but not to human cells. These analogues are metabolized by the T. brucei GPI pathway, but not by the human pathway. Closely related nonmetabolizable analogues have no trypanocidal activity. This represents the first direct chemical validation of the GPI biosynthetic pathway as a drug target against African human sleeping sickness. The results should stimulate further inhibitor design and synthesis and encourage the search for inhibitors in natural product and synthetic compound libraries.
Introduction
A significant number of eukaryotic cell-surface glycoproteins are attached to the plasma membrane by covalent linkage to a glycosylphosphatidylinositol (GPI) anchor. The structure and biosynthesis of GPI membrane anchors have been reviewed Kinoshita and Inoue, 2000; McConville and Menon, 2000; Morita et al, 2000a; de Macedo et al, 2003) . The basic GPI core structure attached to protein is NH 2 CH 2 CH 2 PO 4 H-6Mana1-2Mana1-6Mana1-4GlcNa1-6D-myoinositol-1-HPO 4 -lipid (EtN-P-Man 3 GlcN-PI), where the lipid can be diacylglycerol, alkylacylglycerol or ceramide. This core structure may be embellished with additional ethanolamine phosphate groups and/or carbohydrate side chains, and/or by inositol acylation in a species-and tissue-specific manner .
Protozoa tend to express significantly higher densities of GPI-anchored proteins than do higher eukaryotes. In particular, Trypanosoma brucei, the tsetse fly-transmitted agent of African sleeping sickness, expresses a cell-surface coat of 5 Â10
6 dimers of a GPI-anchored variant surface glycoprotein (VSG), which protects the parasite from the alternative complement pathway and, through antigenic variation, from specific immune responses (Cross, 1996) . There are 0.3-0.5 million cases of sleeping sickness each year and current therapies are toxic and difficult to administer in the field. More effective therapies are desperately needed to stem this human disease and the related cattle disease nagana that severely limits farming in sub-Saharan Africa. The GPI biosynthetic pathway may be a target for the development of new therapeutics. This notion has been validated genetically by knockout and RNA-interference knockdown studies of genes encoding GPI biosynthetic enzymes (Nagamune et al, 2000; Chang et al, 2002; Lillico et al, 2003) .
GPI biosynthesis has been studied in several organisms Kinoshita and Inoue, 2000; McConville and Menon, 2000; Morita et al, 2000a; de Macedo et al, 2003) . It involves the addition of GlcNAc to phosphatidylinositol (PI) to give GlcNAc-PI, which is de-N-acetylated to GlcN-PI. These events occur on the cytoplasmic face of the endoplasmic reticulum (ER), whereas subsequent events occur on the lumenal face (McConville and Menon, 2000) . Differences between the T. brucei and mammalian GPI biosynthetic pathways occur from GlcN-PI onwards, including the timing of inositol acylation and deacylation (Güther and Ferguson, 1995; Chen et al, 1998) , the addition of extra ethanolamine phosphate groups to mammalian GPI anchors (Hirose et al, 1992; Puoti and Conzelmann, 1993) and fatty-acid remodelling of T. brucei GPI anchors (Masterson et al, 1990; Morita and Englund, 2001 ). In T. brucei, the GPI precursor glycolipid A 0 (EtN-P-Man 3 GlcN-PI) undergoes fatty-acid remodelling, via glycolipid y, to yield the dimyristoyl-PI-containing version called glycolipid A. Glycolipid A is the mature GPI precursor that is added to nascent VSG molecules. It is held in equilibrium with glycolipid C via inositol acylation and inositol deacylation (Gü ther and Ferguson, 1995) .
Using synthetic analogues of GlcN-PI, and cell-free systems (Masterson et al, 1989) , we have investigated the substrate specificities of T. brucei and human (HeLa cell) GPI biosynthesis enzymes with respect to the stereochemistry and anomeric configuration of the amino sugar, the absolute configuration of and substitution in the myo-inositol residue and the nature of the lipid moiety of the PI component (Smith et al, 1996 (Smith et al, , 2000 (Smith et al, , 2001 . These studies have produced inhibitors of the T. brucei GPI pathway. However, these analogues do not affect living parasites because the negative charge on the phosphodiester group of the PI moiety renders them cell impermeable.
Here, we describe cell-membrane-permeable GlcN-PI and GlcNAc-PI analogues utilizing the temporary acetoxymethylprotecting group (Farquhar et al, 1983; Schultz, 2003) . These neutral phosphotriester compounds diffuse through the plasma membrane and revert to charged phosphodiesters, through the action of resident cytosolic esterase, and are metabolized by the parasite GPI pathway. The accumulation of these novel metabolites affects endogenous GPI biosynthesis and leads to cell death.
Results
The design of cell-permeable GPI analogues Analogues of GlcN-PI and GlcNAc-PI lacking the phosphodiester component or containing a neutral methylphosphonate were not recognized by GPI pathway enzymes in the T. brucei cell-free system (Supplementary Figure S1) , suggesting that, in designing inhibitors, a charged phosphodiester is indispensable.
Studies with p-nitrophenylacetate and p-nitrophenylphosphate showed that the bloodstream from T. brucei cytosol and cell-free system were rich in esterase activities that were not inhibited by TLCK, leupeptin, PMSF, DFP or NEM (data not shown). We anticipated that utilizing a neutral and esterase-labile phosphotriester would allow masked analogues to diffuse through the plasma membrane and subsequently revert to the charged phosphodiester through the action of resident cellular esterase. Precedents (Farquhar et al, 1983; Schultz, 2003) indicated that the introduction of a temporary acetoxymethyl (CH 2 OAc ¼ AcM) protecting group would fulfil this purpose. To this end, we synthesized analogues of GlcN-PI and GlcNAc-PI with and without an AcMprotected phosphotriester ( Figure 1A ; compounds 1, 2 and 3, 4, respectively) having a C18 alkyl component in place of phospholipase-sensitive diacylglycerol and a methyl ether at C-2 of the D-myo-inositol residue to prevent substrate recognition by human GPI mannosyltransferases . We also prepared nonmetabolizable control analogues containing galactosamine (GalN) and N-acetyl-galactosamine (GalNAc) in place of GlcN and GlcNAc ( Figure 1A ; compounds 5 and 6) and an N-hexanoyl group (GlcNHex) in place of the N-acetyl group of GlcNAc ( Figure 1A ; compound 7).
GlcNAc-and GlcN-containing AcM-protected GPI analogues are deprotected and metabolized by the T. brucei cell-free system We tested these various analogues with the T. brucei cell-free system and found that N-[ 3 H]acetylated compounds 2 and 4 were substrates for GlcNAc-PI de-N-acetylase, releasing [ H]acetylated compound 6 was a very poor substrate (about 1% of the control). The latter activity was similar to that observed with GalN[ 3 H]Ac-PI (Smith et al, 2001) . These data show that the deprotection of the AcM-modified substrates is not rate limiting in the T. brucei cell-free system and that the use of the C18 alkyl chain in place of an sn-1,2-dipalmitoylglycerol moiety does not affect the nonmetabolizable nature of GalNAc-and GlcNHex-containing GPI analogues (Smith et al, 2001) . None of the aforementioned compounds, apart from the control, were de-N-acetylated by the HeLa cell-free system. Based on an indirect assay (Smith et al, 2001 ), compound 7 (containing an N-hexanoyl group) was not N-deacylated by the GlcNAc-PI de-N-acetylase, nor did it inhibit the de-N-acetylation and subsequent processing of GlcNAc-PI (data not shown).
In the presence of GDP-[ 3 H]Man, compounds 1, 2, 3 and 4 were processed to a set of six identical products (Table I) , two of which co-migrate ( Figure 1B, lanes 4-7) . The products were identified as Man 1-3 GlcN-(2-O-Me)myo-inositol-1-P-C18 ( Figure 1B , bands X-Z) and inositol-acylated versions thereof ( Figure 1B , bands U-W). The formation of the inositol- Figure 1 Novel analogues of GlcN-PI and their metabolism by a trypanosome cell-free system. (A) Structures of the synthetic GlcN-PI analogues used in this study. (B) Synthetic GlcNAc-PI and GlcN-PI (positive controls, lanes 2 and 3) and analogues thereof (compounds 1-6, lanes 4-9) were incubated with a modified trypanosome cell-free system and GDP-[ 3 H]Man. Radiolabelled glycolipid products were analysed by HPTLC and fluorography. The products were characterized by enzymatic and chemical digestions (Table I) and are: DPM, dolichol-P-mannose; M1-3, Man 1-3 GlcNa1-6PI; aM3,
GlcNAc-PI (control, lanes 2 and 3) and compound 3 were incubated with the trypanosome cell-free system in the presence ( þ ) and absence (À) of PMSF. Radiolabelled glycolipid products were analysed by HPTLC and fluorography. acylated products of the GlcNAc-PI control ( Figure 1C , compare lanes 2 and 3) and of compound 3 ( Figure 1C , compare lanes 4 and 5) was inhibited by phenylmethylsulphonyl fluoride (PMSF), a known inhibitor of T. brucei inositol acyltransferase (Gü ther et al, 1994; Gü ther and Ferguson, 1995) . Thus, in the presence of PMSF, (a) glycolipid bands aM3 and C 0 are absent ( Figure 1C , lane 3) and the glycolipid A 0 band disappears because it is the product of glycolipid C 0 (Gü ther and Ferguson, 1995) and (b) inositol-acylated glycolipid bands U, V and W are absent ( Figure 1C , lane 4), while nonacylated glycolipids X, Y and Z persist. Acylation of compound 3 was unexpected and must occur at the 3-, 4-or 5-position of the inositol instead of at the usual 2-position that is blocked with an O-methyl group. Presumably, conformational flexibility of the C18 lipid, compared with diacylglycerol, allows access of the inositol acyltransferase to other position(s). Unlike 2-acylation, this aberrant inositol acylation does not allow the addition of ethanolamine phosphate to form a glycolipid A 0 equivalent (compare Figure 1B , lanes 4-7 with lanes 2 and 3 and Figure 1C , lane 5 with lane 2). As expected , nonmetabolizable analogues containing galactosamine (compounds 5 and 6) instead of glucosamine were not processed to [ 3 H]mannosylated products ( Figure 1B , lanes 8 and 9). We also showed that compounds 3 and 4 are neither substrates nor inhibitors in the HeLa cell-free system (Supplementary Figure S2) . Taken together, these data suggest that if compounds 1 and 2 could enter cells, they should lose the AcM phosphate-protecting group and enter the T. brucei (but not the human) GPI pathway via the cytoplasmic leaflet of the endoplasmic reticulum.
AcM-protected GPI analogues are taken up, deprotected and metabolized by living trypanosomes
We pre-incubated living trypanosomes with 50 mM of each of compounds 1 and 5 and labelled the cells with [
3 H]Man and [ 3 H]myristate. The well-described labelling of glycolipids A and C with these precursors in the absence of inhibitors (Masterson et al, 1989; Gü ther and Ferguson, 1995) was unaffected by pre-incubation with compound 1 for 30 min (Figure 2A , lane 1 and B, lane 1). However, pre-incubation with compound 1 for 40-60 min caused significant perturbations of the labelling patterns (Figure 2A and B, compare lanes 2-4 with lane 1). In contrast, pre-incubation with compound 5 (the nonmetabolizable GalN-containing analogue) for 1 h had no effect on the labelling of glycolipids A and C (Figure 2A and B, lane 5). These labelling experiments show a pre-incubation time-dependent inhibition of glycolipid C synthesis by compound 1. (Table I) revealed them to be Man 3 GlcN-(2-O-Me)myo-inositol-1-P-C18 (product Z) and its inositol-acylated version (product W). The radiolabelling of these metabolites clearly showed that compound 1 enters the trypanosomes, wherein after loss of the AcM group it is metabolized by GPI pathway enzymes up to and including the third a-mannosyltransferase. Furthermore, the data indicate that compound 1 and/or its metabolite(s) is/are inhibiting the conversion of glycolipid A to glycolipid C. By contrast, pre-incubation of the HeLa cells with compound 1 had no effect on [
H]Man labelling of GPI intermediates (data not shown). [
3 H]Man labelling of trypanosomes was repeated using a range of concentrations of compound 1 with 60 min pre-incubation. The results showed that the labelling pattern was significantly perturbed at 10 mM in compound 1 and that labelling of the endogenous glycolipid C band is abolished by 30 mM ( Figure 2C, lanes 3 and 4) . Identical data were obtained using the N-acetylated version (compound 2), whereas cell-impermeable analogues lacking the AcM group (compounds 3 and 4) did not affect GPI synthesis (data not shown). Despite the perturbations to the GPI pathway, preincubation with compound 1 or 2 did not have any significant effect on the labelling of membrane from VSG with [ 3 H]myristate over the time-frame of the experiment ( Figure 2D ). (Ferguson, 1992) . e '+' indicates a positive digestion, that is, a loss (or shift) of the radiolabelled band; 'À' indicates a negative digestion, that is, no loss or shift of band.
We also investigated the uptake and metabolism of radiolabelled (N-[ 3 H]acetylated) compounds 2 and 4 by living trypanosomes and HeLa cells. After 2 h, negligible amounts of negatively charged compound 4 were cell-associated. By contrast, compound 2 was taken up by HeLa cells and by trypanosomes. However, whereas the radiolabel was neither concentrated nor metabolized by the HeLa cells, the radiolabel was concentrated about 3.5-fold by the parasites. Extraction and HPTLC analysis of the labelled trypanosomes revealed that about 96% of the label was found as N-[ 3 H]acetylated compound 4 (suggesting rapid and complete removal of the AcM group) and that most of the released [ 3 H]acetate (4% of the radiolabel) had been incorporated into other lipids (presumably via fatty-acid elongation; Buxbaum et al, 1996) . These data support the supposition that the AcM group is necessary for compound 2 to be taken up by the parasites, and suggest that loss of the AcM group in the cytosol allows concentration of the resulting metabolite in the cells. The relatively small proportion of this metabolite (i.e. compound 4) that becomes de-N-acetylated (4% in 2 h) presumably reflects the fact that it will randomly insert into the intracellular membranes of the parasite and that only a small proportion of these membranes, probably a subcompartment of the ER (McConville and Menon, 2000) , contains the GlcNAc-PI de-N-acetylase. By measuring the incorporation of [ 3 H]Man into mannosylated metabolites of compound 4, we estimate that the GPI pathway metabolizes essentially all of the de-N-acetylated material during the second hour of incubation. We also investigated the uptake of other N- 3 H]Ac-PI(Me-P) was negligible, despite the fact that the latter two are neutral and amphipathic. This suggests that the efficient uptake of compound 2 is due to its trapping as compound 4 once inside the cell.
The results of the in vivo labelling experiments are summarized in Figure 2E . Both compounds 1 and 2 are able to pass though the parasite membrane, thanks to the chargemasking AcM group. Once inside the cell, a two-step process removes the AcM group, triggered by esterase action (Farquhar et al, 1983; Schultz, 2003) , to yield compounds 3 and 4, respectively. De-N-acetylation of compound 4 to compound 3 can then occur on the cytoplasmic face of the ER and, after translocation to the luminal face (McConville and Menon, 2000) , compound 3 is metabolized by the GPI pathway to yield products up to and including W and Z.
Glycolipid C synthesis is inhibited by metabolite(s) of the GPI analogues
To ascertain whether it is compound 3 (the deprotected form of compound 1) or one of its metabolites that inhibits the formation of glycolipid C, we pre-labelled a trypanosome cellfree system with GDP-[ 3 H]Man (to form labelled glycolipid A 0 and y) and chased with cold GDP-Man and a fatty-acid remodelling mix (a myristoyl-CoA-generating system) in the presence of either PMSF or compound 3. A control incubation led to the remodelling of labelled glycolipids A 0 and y to form glycolipid A and subsequent inositol acylation of glycolipid A to glycolipid C ( Figure 3A ) (Masterson et al, 1990; Güther et al, 1994; Gü ther and Ferguson, 1995) . The inclusion of PMSF, a compound that has no effect on fatty-acid remodelling, but that inhibits inositol acylation (Gü ther et al, 1994) , led to the accumulation of glycolipid A ( Figure 3B ). The inclusion of compound 3 had no effect on the conversion of pre-existing glycolipids A and y to glycolipids A and C ( Figure 3C ). From these data, we conclude that a metabolite 
Cell-permeable GPI analogues kill T. brucei parasites
Longer incubation of trypanosomes with compounds 1 and 2 led to their death in a time-and concentration-dependent manner (Figure 4) . At 40 mM, compound 1 killed all trypanosomes in about 6 h (and 490% in 24 h at 20 mM), whereas at 100 mM it had no noticeable effect on HeLa cell cultures over 72 h (data not shown). In addition to compounds 1-7, the following compounds were tested for cytotoxicity with T. brucei and HeLa cell cultures at 50 mM: GlcN-I-C16, GlcNAc-I-C16, GlcNAc-PI(Me-P), D-myo-inositol-1-(acetoxymethyl)PO 4 -octadecyl, D-GlcNMe 2 a1-6D-2-O-methylmyo-inositol-1-(acetoxymethyl)PO 4 -octadecyl and per-Oacetylated compound 2. None of them showed cytotoxicity towards trypanosomes or HeLa cells for up to 72 h, except for the latter compound which was made to see if O-acetylation (also reversible by cellular esterases) might enhance its uptake and potency. We found it to be only equally as trypanocidal as compound 2 and, like compound 2, it showed no apparent toxicity to HeLa cells. Taken together, these results establish that the killing of trypanosomes by compounds 1 and 2 was dependent on: (i) the presence of the AcM group (since compounds 3 and 4 had no effect); (ii) the presence of the GlcN residue (since compounds 5 and 6 and an analogue without an amino sugar had no effect); (iii) the presence of a free amino group on the GlcN residue or an Nacyl group that can be removed by the GlcNAc-PI de-Nacetylase (since compound 7 had no effect).
Discussion
The mechanism of killing by metabolites of compounds 1 and 2 is not clear. The presence of these metabolites does not appear to prevent the synthesis and transfer of glycolipid A to nascent VSG molecules ( Figure 2D ) but, rather, to inhibit the synthesis of glycolipid C from glycolipid A. Thus, the Figure 2A ) and concentration-dependent ( Figure 2C ) manner. The formation of glycolipid W (Figure 2A and C) , an inositol-acylated product of compound 1, suggests that it may be the accumulation of this metabolite that inhibits the acylation of glycolipid A to glycolipid C. The role of glycolipid C itself in GPI biosynthesis in the trypanosome is not fully understood. It may act as reservoir, providing glycolipid A via the action of inositol deacylase (Gü ther and Ferguson, 1995) , and/or it may be the main metabolite destined for catabolism of excess GPIs . GPI catabolism is necessary because T. brucei synthesizes GPI precursors at a rate 410-fold higher than that required to sustain VSG processing (Masterson and Ferguson, 1991; Ralton et al, 1993) . The aforesaid compounds lead to an accumulation of their own metabolites and to the accumulation of polar endogenous GPI species that are most likely galactosylated versions of glycolipid A (Gal-A; see Figure 2C , lanes 3-5). We have previously noted the accumulation of Gal-A species in inositol deacylase (GPIdeAc) knockout parasites (Gü ther et al, 2001 (Gü ther et al, , 2003 . However, GPIdeAc knockout trypanosomes are viable, suggesting that metabolites of compound 1 are the principal toxic agents. The compounds described herein provide an important proof-of-concept; that is, that it is possible to make parasiteselective cell-permeable trypanocidal molecules that exploit differences in the specificities of the trypanosomal and human GPI pathway enzymes. Previously, myristate analogues and inhibitors of myristate biosynthesis were shown to be selectively toxic to bloodstream from T. brucei (Doering et al, 1991 (Doering et al, , 1994 Morita et al, 2000b) . They appear to act by incorporation into the VSG GPI anchor or by starvation of GPI fatty-acid remodelling, respectively. However, as the authors point out, alternative mechanisms of killing (e.g. affecting lipid metabolism and/or protein acylation) cannot be excluded. In this case, the lack of toxicity of nonmetabolizable, but virtually identical, analogues (compounds 5 and 6) allows unambiguous chemical validation of the GPI pathway as a drug target. Antimicrobial drug development programmes generally require both genetic and chemical validation of a target because not all essential gene products are amenable to selective chemical inhibition. Thus, together with previous genetic validation of the GPI pathway as a drug target (Nagamune et al, 2000; Chang et al, 2002; Lillico et al, 2003) , the chemical validation presented in this paper should stimulate the search for new therapeutic agents against African human sleeping sickness. In this context, while compounds 1 and 2 are primarily chemical validation tools, they also represent potential drug leads. The AcM group, that renders the molecules cell-permeable, is labile to serum esterases. Nevertheless, AcM esters of phosphates have been shown to be sufficiently stable in human serum to allow bioavailability of, for example, antiviral nucleotide analogues (reviewed in Schultz, 2003) . Nevertheless, the potency of compounds 1 and 2 will need to be optimized by, for example, removing unnecessary hydroxyl groups (e.g. the 3-, 4-, and 5-hydroxyls of the myo-insoitol and the 6 0 -hydroxyl of the GlcN residue ) and adjusting the nature of the lipid group. In addition, compounds 1 and 2 are complex molecules, requiring enantiomeric resolution and regioselective synthetic steps, and we are considering ways to make less synthetically complex mimetic scaffolds.
Materials and methods

Materials
GDP-[2-
3 H]mannose (14.9-17.8 Ci/mmol), [9, H]myristic acid (49 Ci/mmol) and [ 3 H]acetic anhydride (50.0 Ci/mmol) were purchased from NEN; jack bean a-mannosidase, Aspergillus pheonicus a-mannosidase and GPI-specific phospholipase D from Roche and Bacillus thuringiensis PI-specific phospholipase C from Glyko. All other reagents were purchased from Merck-BDH or Sigma.
Substrates and substrate analogues D-GlcNa1-6D-myo-inositol-1-HPO 4 -sn-1,2-dipalmitoylglycerol (GlcN-PI) was synthesized as described previously (Cottaz et al, 1993) . The lipid-modified substrate analogues D-GlcNa1-6D-myoinositol-1-HPO 4 -sn-1,2-dioctylglycerol (GlcN-PI(diC8)) and DGlcNa1-6D-myo-inositol-1-HPO 4 -octadecyl (GlcN-I-P-C18) and the phosphate-free analogue D-GlcNa1-6D-myo-inositol-1-hexadecyl (GlcN-I-C16) were synthesized as described . The preparation of the C-phosphonate analogue DGlcNa1-6D-myo-inositol-1-PO 3 (CH 3 )-sn-1,2-dioctylglycerol (GlcN-PI(Me-P)) will be described elsewhere (Brimacombe and Borissow, unpublished data). The preparation of D-GlcNa1-6D-2-O-methylmyo-inositol-1-HPO 4 -octadecyl (compound 3), D-GlcNa1-6D-2-Omethyl-myo-inositol-1-(acetoxymethyl)PO 4 -octadecyl (compound 1) and D-GalNa1-6D-2-O-methyl-myo-inositol-1-(acetoxymethyl)-PO 4 -octadecyl (compound 5) will be published elsewhere. Compounds 2, 4 and 6 were prepared by N-acetylation, as described previously (Smith et al, 1996) . Compound 7 was prepared by N-acylation of compound 1 with hexanoic anydride . D-GlcNMe 2 a1-6D-2-O-methyl-myo-inositol-1-(acetoxymethyl)PO 4 -octadecyl was prepared from compound 1, as described for the preparation of GlcNMe 2 -PI from GlcN-PI (Smith et al, 2001 ). D-myo-Inositol-1-(acetoxymethyl)PO 4 -octadecyl was prepared by nitrous acid deamination of compound 1. 3,4,5-Tri-O-acetyl-DGlcNAca1-6D-2-O-methyl-3,4,5-tri-O-acetyl-myo-inositol-1-(acetoxymethyl)PO 4 -octadecyl was formed on peracetylation of compound 1 with acetic anhydride/pyridine (1:1). The identities and purities of the synthetic analogues were assessed by negative and/or positiveion electrospray mass spectrometry, and the concentration of each stock solution was determined by measuring the inositol content by selected ion-monitoring gas chromatography-mass spectrometry (Smith et al, 1996 3 H]acetylated products were purified by reverse-phase chromatography as described previously (Smith et al, 2001 ). The GlcN[
3 H]Ac-PI analogues were diluted with the corresponding nonradioactive compound to give a final specific activity of 18.2 mCi/mmol.
Preparation of trypanosomal and HeLa membranes
T. brucei and HeLa cell membranes (cell-free systems) were prepared as described previously . Trypanosome membranes were washed twice and suspended at 5 Â10 8 cell equivalents/ml in 2 Â concentrated incorporation buffer supplemented with freshly prepared N-ethylmaleimide and n-octyl b-Dglucopyranoside (Smith et al, 1996) , unless stated otherwise. The lysate was sonicated briefly and added to dry GDP-[ 3 H]Man (0.3 mCi/2.5 Â10 7 cell equivalents). After brief sonication, aliquots of 20 ml (2.5 Â10 7 cell equivalents) were added to reaction tubes containing an equal volume of the various GlcN-PI analogues in 10 mM n-octyl b-D-glucopyranoside and were then incubated at 301C for 1 h. The glycolipid products were recovered and analysed by HPTLC before and after enzymatic and chemical treatments.
For those experiments involving PMSF, the inhibitor was dissolved at 100 mM in dry propan-2-ol immediately prior to use and was used at 1 mM final concentration. PMSF was pre-incubated with the membranes prior to the addition of the GlcN-PI analogues.
In the experiment described in Figure 3 , washed membranes were suspended in incorporation buffer supplemented with 1 mM dithiothreitol (DTT). The lysate was pulsed with GDP-[ 3 H]Man (0.3 mCi/2.5 Â10 7 cell equivalents) and UDP-GlcNAc (1 mM) for 10 min at 301C and chased for 10 min by the addition of GDP-Man (1 mM). The primed membranes were washed to remove unincorporated nucleotides, re-suspended in incorporation buffer without MnCl 2 and incubated in the absence (control) or presence of either compound 3 (50 mM) or PMSF (1 mM) for 5 min on ice. Subsequently, fatty-acid remodelling was initiated by the addition of DTT (1 mM), ATP (200 mM), CoA (200 mM) and myristoyl-CoA (100 mM), brief sonication and incubation at 301C for 30 min. The glycolipid products were extracted as above and analysed by HPTLC using solvent system B.
HeLa cell lysate was thawed, supplemented with 2.5 mM MnCl 2 , 2 mg/ml leupeptin, 0.1 mM TLCK, 1 mg/ml tunicamycin, 1 mM DTT, 100 mM CoA and ATP-regenerating system (100 mM ATP, 5 mM phosphocreatine and 5 U of creatine phosphokinase) and then added to dry GDP-[ 3 H]Man (1 mCi/1 Â10 8 cell equivalents) (Smith et al, 2000) . After brief sonication, 100 ml aliquots were added to reaction tubes containing the GlcN-PI analogues and incubated at 351C for 1.5 h. The glycolipid products were recovered and analysed by HPTLC before and after enzymatic and chemical treatments.
De-N-acetylase assay
De-N-acetylase assays using T. brucei and HeLa cell-free systems were carried out as described previously (Smith et al, 2001 ). Each GlcN[ 3 H]Ac-PI substrate analogue was studied in triplicate at each time interval (0, 15, 30, 60 min) and its initial rate of de-Nacetylation was determined.
